properly cited.
Introduction
Chronic kidney disease is a worldwide public health problem with adverse outcomes of kidney failure and cardiovascular disease [1] . In its end stages, management of kidney disease requires renal replacement therapies such as hemodialysis (HD), peritoneal dialysis, or kidney transplant.
Hemodialysis is considered to have more pronounced deleterious effects on skeletal muscle than peritoneal dialysis [2] . The consequences of HD on physical function and quality of life have been well documented [3] . In order to offset such effects, exercise interventions have been strongly recommended to improve muscle function and reduce the risk of falls [4] . Recent systematic reviews and meta-analyses of exercise training in participants diagnosed with end-stage renal disease (ESRD) undergoing HD support the use of resisted and/or aerobic exercise to promote limb muscle strengthening [5] . These benefits were small and inconsistent with only one in nine persons receiving the benefits of exercise interventions [6] .
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Extra body water accruing during the interdialytic periods has been reported to accumulate mainly in the extracellular spaces [7, 8] . Hemodialysis or ultrafiltration is aimed at achieving normal state of hydration [9] . However, factors such as weight gain associated with improved appetite and nutritional support [10] , may influence estimation of true "dry weight" or what weight the person would be when all the extra fluid is removed from the body [11] . This may lead to dehydration or relative volume depletion [12] . Clinical symptoms such as hypotension and intradialytic cramps have been associated with volume depletion or dehydration [13] . Such HD related dehydration or volume depletion has not yet been linked to poor response to exercise interventions or fatigue in this population.Using single-frequency bioelectrical impedance analysis, Jain and Lindsay [14] have demonstrated loss of leg and arm extracellular fluid (ECF) in participants receiving conventional HD (three times a week) that returned to baseline at 48 hours. They suggested that the majority of fluid loss and refilling takes place in the extremities to maintain the central blood volume. Consequently, change in pre-and post-HD body mass cannot be used to establish hydration of a limb or single muscle. Hence, assessing hydration of the specific muscle may provide insight and understanding of the role of HD-related fluctuating hydration on skeletal muscle function in people with ESRD/HD; as in athletes, dehydration of 1% to 2% of total body weight begins to compromise an array of physiologic functions and negatively influences performance and force generation [15] .
Several methods have been used to estimate hydration of the human body. Bioelectrical impedance spectroscopy (BIS) is a safe and inexpensive in vivo method for whole body or segmental composition assessment providing estimates of ECF and intracellular (ICF) fluid volume shifts [16] . While BIS can provide estimates of ECF and ICF for the whole body or a segment of the body, it does not provide such estimates for a specific muscle, which limits its utility to ascertain the adequacy of HD at a muscle level.
Magnetic resonance imaging (MRI) acquired images provide quantitative measures of skeletal muscle fibre type composition and transverse relaxation time constants ( 2 ) [17] . Researchers have used 2 ( 2 : a measure of transverse magnetization signal decay) to investigate the changes in ECF volume or extracellular space ratio following drug-induced myopathy [18] , neural damage [19, 20] , and exercise [21] . Magnetic resonance imaging also provides an apparent diffusion coefficient (ADC), measured by a diffusion-weighted imaging technique, which is sensitive to the hydrodynamic environment of the tissue fluid volume [22] .
Test-retest reliability of BIS has wide variability in the reliability coefficient for TW, ECF, and ICF [23] . Establishing such test-retest reliability of cBIS measures and 2 and ADC for accurate estimates of true differences in skeletal muscle hydration in healthy people with varying levels of physical activity, age, and body composition is essential to determine the most reliable measure of muscle hydration that can be applied in the population with ESRD/HD [24] . Thus the primary purpose of this study was to evaluate the psychometric properties of cBIS measures and MRI-acquired 2 and ADC. The secondary objectives were to (1) compare the relative variations of the cBIS and MRI-acquired measures of hydration and (2) evaluate agreement between these two methods of acquiring estimates of muscle hydration. Based on prior-published reports on relationship between the ECF and 2 , we evaluated agreement between the ratio of ECF : ICF and 2 of the tibialis anterior (TA), lateral (LG), and medial (MG) gastrocnemius and soleus muscles within the same calf segment.
Methods

Sample Size.
A required sample of 32 participants was calculated as suggested by Donner and Eliasziw [25] , based on alpha = 0.05, statistical power of 80%, and a correlation of greater than 0.9 for a single observer on two occasions.
Inclusion
Criteria. Eligibility to participate in the study was determined as follows.
(1) Participants were healthy adults 18 years of age or older. (2) They were able to understand instructions in English and provide informed consent. (3) They had no health condition, existence of a foreign body or medical device that would preclude them from having an MRI.
Participants not meeting all of the inclusion criteria were excluded from the study. Western University's Ethics Review Board for Human Subjects granted ethics approval for this study and all participants provided written informed consent prior to participation.
2.3.
Questionnaires. Levels of self-reported physical activity were quantified using the Human Activity Profile Questionnaire (HAP) [26] administered to participants using a question and answer or interview format. A maximum activity score (MAS-HAP) (the highest-numbered activity the person reports still doing) and an adjusted activity score (AAS-HAP) calculated by subtracting the number of activities marked as "stopped doing this activity" listed below the MAS-HAP were generated using the HAP questionnaire. The HAP consisted of 94 activities, ranked in ascending order of difficulty according to the energy requirements of the task. The presence of any comorbidity was determined using the Charlson comorbidity index [27] calculated using the automated calculator.
Skeletal Muscles.
Tibialis anterior, a foot dorsiflexor muscle, was chosen to represent a muscle from the anterior compartment of the lower leg, and MG, LG, and soleus were selected to represent muscles from the posterior compartment [28] . Two measuring (E S1 and E S2 ) and two injecting electrodes (E I1 and E I2 ) were placed on the lateral side of the tested leg. The E S1 electrode was placed at maximum circumference of the calf; E S2 was placed 10 cms distal to E S1 . Injecting electrode E I1 was placed 5 cms proximal to E S1 and E I2 was placed 5 cms distal to E S2 ( Figure 1) . A fiduciary marker (vitamin E capsule) was placed at the E S1 electrode site for the identification of the first measuring electrode on MRI. Each measurement was repeated at least 10 times and the average value was used in subsequent computation of the calf hydration estimate for that test occasion. Calculations and curve fitting (Cole-Cole model) were done offline as described by Zhu et al. [29] .
Magnetic Resonance Imaging.
All MRI-acquired data were collected on a 3.0 Tesla Tim Trio whole body imaging system (Siemens, Erlangen, Germany) using an 8-channel knee coil. A multiecho spin-echo (8 echoes) volume (11 contiguous 3 mm transverse slices; 160 mm field of view; 384 × 384 matrix; TE (13.1 ms to 93.6 ms); TR = 1500 ms) and a diffusion-weighted volume ( = 400 mm/s 2 ; 6 directions; 22 contiguous 4 mm transverse slices; 160 mm field of view; 128 × 128 matrix; TE = 61.6 ms; TR = 6200 ms; 8 averages) were used to measure the 2 and ADC, respectively, of the TA, MG, LG, and soleus muscles.
The 2 maps for the muscles of interest were generated in OsiriX using the " 2 Fit Map" plugin by importing their crosssectional areas outlined (closest to the fiduciary marker) on the 2 -weighted images. On this map, three areas or regions of interest (ROI) less than 0.22 cm 2 were selected taking care to avoid visible subcutaneous fat, septum, or neurovascular bundles [30] (Figure 2 ). We sampled three areas of a muscle and values were averaged to obtain a representative 2 for each muscle.
Calculations of ADC for each of the four muscles were completed using the CSA of muscle as outlined in the 2 -weighted image and imported into the ADC map generated using OsiriX plugin "ADC Map" (Figure 3 ) [22] ; the software automatically calculated and displayed the ADC values.
Data
Collection. Data were collected on two different occasions at least one day apart preferably at the same time of day. Participants were asked to refrain from exercise and alcohol for 8 to 10 hours and not eat or drink anything for two hours prior to testing to control extraneous factors affecting hydration of the muscle/body for short durations [23] . Participants were positioned in supine lying on a standard hospital bed for 30 minutes prior to imaging to allow redistribution of water to the lower extremities [31] . Measurements of hydration using cBIS were collected while the participants were lying supine in preparation for MRI. All MRI and cBIS-acquired measures of hydration were collected from the same calf segment.
Data Analysis
Statistical Analysis.
Participant demographic data, including age, average body mass, body mass index, Human Activity Profile scores [26] , and Charlson Comorbidity Index [27] were analyzed using descriptive statistics and reported as group data with means and standard deviations. The testretest reliability for all measures of hydration (ECF, ICF, TW, ECF : ICF, 2 , and ADC measures for TA, LG, MG, and soleus were assessed using two-way random effects intraclass correlation coefficients (ICC 2,1 ) [32] . An ICC 2,1 ≥ 0.9 was considered "excellent, " and values ≥0.8 and <0.9 were considered "good" and those below 0.8 were considered to be of questionable clinical significance [33] . Minimal detectable change values at 95% confidence (MDC 95 ) were calculated using the formula: MDC 95 = SEM ×√2× 1.96, where SEM is the standard error of measurement calculated from the ICC 2,1 analysis of variance tables [34] . The MDC 95 is an estimate of the amount by which 95% of participants who remain unchanged will display random fluctuations. The variability in their change scores is expected to be within the bounds of MDC 95 value [34] . The SEM estimates how repeated measures of a participant tend to be distributed around the true score [35] . For each measure, the difference between the measurements obtained on two occasions was plotted against the mean of those two measurements. The 95% limits of agreement (LOA) were estimated by the mean difference between the two occasions, , and the standard deviation of that difference ( ). Assuming a Gaussian distribution, 95% of the differences were calculated to lie between − 1.96 and + 1.96 [24] . Coefficient of variation (CV) for each measure was computed using statistical software. Levene's test, used to evaluate the homogeneity of variances between the cBIS and MRI-acquired measures, was computed by using one-way analysis of variance on the absolute deviation of each score from the mean of its group [36] . The agreement between ECF : ICF and MRI-acquired 2 and ADC of TA, LG, MG, and soleus was evaluated using linear regression analysis [37] . A statistical software package (IBM SPSS v20.0) was used for all data analyses and Prism 4.0a for Macintosh (GraphPad Software Inc.) was used for plotting and analyses of differences-against-mean plots. Statistical significance was assumed for values <0.05.
Results
Subjects.
Thirty-two participants (16 men and 16 women) meeting the inclusion criteria were recruited for this study. Table 1 summarizes the characteristics of these participants.
Reliability of Measures of Muscle Hydration.
Results for the measures of hydration for time one and two are presented as group means and standard deviations in Table 2 . Values for the ICC 2,1 , the MDC 95 , bias, and the 95% LOA are presented for each measure of hydration in Tables from 3 to 5. For the test-retest reliability of the cBIS measures (Table 3) , ECF : ICF had the lowest reliability, while ICF and TW had the highest. For 2 , the average of three ROI yielded better test-retest reliability than estimates derived from a single ROI (Table 4) . ICC 2,1 values for single measures of ADC of the leg muscles varied between 0.4 and 0.5 (Table 5) . However, for average measures of ADC, ICC 2,1 ranged from 0.6 to 0.7. 
Limits of Agreement between Repeated Measures of Hydration.
The difference-against-mean plots of ICF and TW indicate a larger positive bias at the lower end of the scale than the smaller bias at higher values of ICF and TW. The plot of the ECF : ICF ratio ( Figure 4) indicates increasing bias at higher values of the ratio. The plots of 2 ( Figure 5 ) for all the muscles do not reveal any systematic bias; however, a single data point for 2 of TA and three data points for soleus were Physiology Journal 5 observed to lie outside the 95% LOA. For the ADC, the plots ( Figure 6 ) for all the muscles did not identify any systematic bias.
Comparison of Variances in cBIS and MRI-Acquired Measures of Hydration.
The coefficient of variation for each measure on occasions one and two is presented in Table 6 . The Levene's test for equality of variances between the measures was significant ( 23,744 = 18.405; < 0.001). Post hoc comparisons using Tukey's HSD indicated that the differences in mean variation between the MRI acquired 2 and ADC of the muscles investigated and ICF, TW and ratio of ECF : ICF were significant. However, these differences were not significant for 2 of LG, MG, and soleus, ADC of all the muscles, and ECF. (Figure 7) . The agreement between ECF : ICF and 2 of LG and MG and ADC of all the muscles investigated was nonsignificant (Table 7) .
Agreement between cBIS-and MRI-Acquired
Discussion
To our knowledge this is the first study that has established test-retest reliability of the cBIS-and MRI-acquired measures of skeletal muscle hydration, namely, 2 and ADC. The results of this study indicate that 2 time constants estimating hydration of muscles of the lower leg have excellent reliability and reproducibility when compared to cBIS and ADC. This study also established MDC 95 values indicating random fluctuations in the measures of hydration in 95% of unchanged participants on repeated measurements. According to our results, an MDC 95 of 0.96 ms between repeated measures of 2 of LG indicates a minimum fluctuation of the measure one should expect to see in 95% of the participants whose measurements randomly fluctuate in repeated measurements.
Based on the characteristics of the participants recruited in this study, the results of this study can be generalized to a wide range of healthy and active adults. The age of the participants in this study ranged from 22 to 81 years and the activity profile or the HAP scores ranged from 75 to 94. The activity levels of the population can impact the BIS measures [38] , and hence we recruited active participants to reduce variability in cBIS measures.
Our findings of good-to-excellent reliability of the cBIS measures are in accordance with those reported in the literature for the repeated measurements of whole body and segmental BIS [23] . Several factors can impact the testretest reliability of cBIS-acquired data. These include dayto-day variation in body hydration [23] , exercise [21, 39] , participants' body type, and equations utilized to estimate ECF, ICF, and TW. The reliability of the ECF : ICF may have been affected by the differences in body types of our participants (BMI 25.9 ± 2.8), and differences in offline model fitting (range from 0 to 2) affecting ECF volume calculations of these participants. These findings are supported by a difference-against-the-mean-plot which suggests that the errors in estimating ECF : ICF were influenced by the value of the ratio; that is, the errors in measurements were larger at higher values of ECF : ICF ratio and vice versa. Hence contribution of the differences between measurements may not be associated with technical differences or operator error. Kyle et al. [23] have reported similar findings in studies evaluating whole body composition.
Our findings of excellent ICC 2,1 for 2 time constants of all the muscles investigated indicate the ability of the measure to differentiate between the study participants. Factors such as exercise [21] and perhaps variation in placement of the limb in the MRI receiver coil influencing signal-to-noise ratio may impact MRI-acquired measures as well. In this study, about 4% of the measurements for 2 of soleus lay outside the 95% limits of agreement; one was lower and two higher than the limits of agreement. Two of these participants had performed light physical activity just prior to their scheduled data collection session, and perhaps 30 minutes of supine positioning may not have been adequate to equilibrate the muscle ECF and ICF associated with effects of physical activity and led to the differences in the 2 of soleus between the two occasions [39] . The increments in 2 of the soleus on repeated measurements can be supported by findings of Nygren and Kaijser [21] in participants who performed light exercises using a 1.5 Tesla magnet and four echoes. For the difference in repeated measures of 2 of gastrocnemius muscle for the nonexercising leg they observed a change of 6 Physiology Journal [21] recruited six participants), and perhaps in variation in intramuscular fat.
Our overall results indicate a smaller variation for the MRI-acquired muscle hydration measures, ranging from 4.2 to 10% whereas the same for the cBIS acquired measures ranged from 14.6 to 25.6%. The variation in anatomical configurations of the muscles of the calf by age of the participants recruited in this study support our findings of minimum variability of 2 for TA and largest variability in the ICF. Using segmental multifrequency BIS Yamada et al. [40] suggested that the expansion of ECF relative to ICF and the lean volume of the lower extremity masked actual muscle cell atrophy with aging. This supports our observations of larger relative within-subject variation for the cBIS-acquired measures as we recruited participants aged from 22 to 81 years. Transverse relaxation times of muscles investigated measured changes unique to each muscle; hence numerous studies on the dorsiflexors [41] [42] [43] reporting lack of significant difference in strength and contractile properties/kinetics between the young and old support our findings of smaller within-subject variability for TA. However, according to Vandervoort and McComas [44] age-related changes in muscle strength and size were larger in the plantar flexor muscles. Hence the CV for 2 of plantar flexor muscles (LG, MG, and soleus) was larger than that for the 2 values of TA values for these muscles.
Joseph et al. [45] quantified reproducibility of 2 of cartilage using coefficient of variation (CV) which ranged from 0.83 to 3.21. This is slightly higher than the results with CV for 2 of TA (0.04) and MG (0.09). These differences could be due to variation of the morphological characteristics and hydration of knee cartilage and skeletal muscle.
Skeletal muscle is a heterogeneous structure in its composition and architecture. Measurement of hydration in a limb segment such as the calf using BIS can be considered to be at a "whole body" level, whereas MRI estimates hydration at the "tissue system level" [46] . A direct comparison of these two techniques, based on different assumptions and methods, is challenging. Besides no study has yet determined a direct relationship between 2 and wet/dry weight of the calf/shank muscles in healthy individuals. Our results of coefficient of regressions indicate that ECF : ICF ratio explained 13 and 17% variance observed in the 2 of TA and soleus, respectively. Several factors other than the interstitial fluid in TA may contribute to the variation in 2 of TA and soleus. Generally 2 values correlate most strongly with bulk water content of the tissue [47] . Tissues with high concentrations of aliphatic lipid protons have longer 2 . Hence MRI signals arising from bulk water content or total water and the degree of binding to the lipids may result in alterations of 2 . Since fats/lipids hold about 10-15% of total water [48] , the impact of possible increase to intra-and extramyocellular lipids and the amount of water bound within these lipids may have impacted our goodness-of-fit between 2 of TA and soleus and ECF : ICF ratio; 2 accounting for the water bound to lipids and ECF : ICF excluding this portion of water. We did not correct our data prior to analysis for the changes in 2 associated with possible increase in intra-and extramyocellular lipids in this population. However we attempted to control for these changes by choosing small ROIs for analyses.
Factors other than the interstitial fluid in TA and soleus may contribute to the estimates of ECF : ICF ratio such as plasma volume in the large vessels, namely, the popliteal artery, anterior tibial artery, saphenous veins, and intra and extracellular spaces embedded within the other muscles of the calf, namely, LG, MG, and peronei. The contribution of the interstitial space encompassed by TA and soleus to the ECF and ICF may perhaps also be related to the total space occupied by the muscle in relation to the total calf volume supporting our findings of total variance in 2 of TA and soleus explained by ECF : ICF. Although ratio of ECF : ICF could significantly predict the 2 of TA and soleus, the standard error of estimate was larger than the MDC 95 value of 2 of TA and soleus. Hence the predicted values for 2 of TA and soleus using these equations may have larger error for estimating true value.
The 2 of the muscles evaluated in this study ranged from 36.37 ms for TA to 40.13 ms for the soleus muscles. This reflects the differences in the fiber-type composition of these Physiology Journal muscles. The heterogeneous muscle fiber composition and plasticity of skeletal muscles (ability to change the fibre type composition in response to environment/physical activity) can affect estimates of 2 as MRI signals are strongly related to the histochemical composition of the tissue [49] . These findings of heterogeneous 2 are in accordance with priorpublished reports investigating 2 of various muscles. For example subscapularis muscle 2 (31.5 ms) was slightly higher than anterior deltoid (29.5 ms); the same authors showed a change of 10 ms in the supraspinatus muscle 2 following three sessions of exercise intervention (empty-can and fullcan exercise) performed within one week [50] . Additionally, the diffusion rate of muscle cell membrane that takes place in the presence of magnetic local field in-homogeneities can impact the 2 [17] .
The poor reliability of ADC measures can be supported by the fact that body fluids are rarely stable. Study of volume of body fluid compartments, ICF and ECF concentration, using isotope dilution methods, requires several hours to equilibrate (3-5 hrs) the isotopes [39] . For practical reasons we allowed only 30 minutes for body fluids to equilibrate prior to acquiring MRI data, and this may have perhaps affected the reliability of the ADC measures. However, as ADC can be influenced by changes in the osmolality, change in ADC may be more sensitive to the changes in microcirculation associated with activity or hydration status of the muscle, and a difference greater than 0.1 to 0.12 mm 2 /s would indicate a true change on repeated measurements [35] . Following eccentric exercise interventions, Yanagisawa et al. [22] were able to demonstrate significant change in ADC values of LG 10 Physiology Journal that reflected physiological changes affecting fluid movement associated with such exercises. Our results can be applied to the studies utilizing similar methods of selecting smaller ROI and using OsiriX for data analysis with data collected as described in the methods section [51] . A review of literature indicates differences in the techniques of measurement of 2 . For example, Liu et al. [52] measured 2 of the rat TA, gastrocnemius, and soleus using in-house software, and the whole muscle boundaries were outlined as regions of interest; Hatakenaka et al. [18] selected ROIs between 20 and 30 mm 2 for each muscle and calculated 2 by fitting the appropriate signal intensities to an equation. Hence, it would be inappropriate to compare our findings with results of their studies.
Conclusions
The findings of our study indicate that the MRI-acquired 2 of the muscles of the lower leg has excellent test-retest reliability and is appropriate for studies utilizing repeated measurements. The relative variability of this measure is smaller than the cBIS-acquired measures and hence can be utilized in studies recruiting participants of varying age. These results can be applied to studies utilizing similar techniques for data collection and analysis. The ADC of the leg muscles can be used in studies with relatively large sample sizes, as ADC may be sensitive to minor variation in the circulation of the muscles associated with variations in body fluids and activity. Although cBIS-acquired measures have excellent test-retest reliability, whether these measures can be used to estimate interstitial fluid of a single muscle requires further investigations.
